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The atomistic pathway towards the growth of semiconductors heterostructures on vicinal surfaces is inves-
tigated in a special experiment. A step-by-step study of the early stages of Ge deposition at T=873 K on a 8°
off Si001 surface miscut along 110 is performed by scanning tunneling microscopy STM. The micro-
scopic processes occurring during growth are identified. Highly resolved STM images show how double height
steps, which characterize the clean substrate, evolve by a step flow process generated by addimer chains
located at specific positions. This process leads to the formation of metastable single domains until the
development of 105 faceted ripples extending along the whole surface in the miscut direction.
DOI: 10.1103/PhysRevB.75.033305 PACS numbers: 68.55.Ac, 68.37.Ef, 68.65.k
Heteroepitaxy on vicinal semiconductor surfaces has been
extensively studied as a means of texturing surfaces1–4 for
device applications through the exploitation of growth
instabilities.5,6 In the case of Ge growth on low miscut
Si001 surfaces, different mechanisms have been proposed
as responsible for such instabilities: for example, strain-
induced step bunching,7 step-edge barriers,8 and kinetic
effects9 such as diffusion anisotropy.10 At high miscut a com-
plex situation is found wherein the interplay between incor-
poration of adatoms, surface reconstruction, miscut azimuth,
and growth conditions result in a rippled morphology.6,10–15
At the mesoscopic level, the ripples appear elongated either
perpendicular to or along the miscut direction, depending on
whether the miscut angle is smaller than or larger than
5°.4,15 In principle, strain release via step bunching should
predominate due to the high density of steps. For instance, in
corrugated Si layers with 4° miscut angle, strain relaxation is
achieved by the coalescence of step bunches to form ridge
structures perpendicular to the miscut direction with two low
energy 105 facets inclined at 8° with respect to the 001
plane.11
The purpose of this paper is to study the ripple formation
on 8° miscut Si001 surface with atomic resolution at the
very early stages of growth which seem to provide the es-
sential elements for the initial roughening.16 The deposition
of Ge in the absence of a silicon buffer layer suppresses Si
kinetic step bunching.9 We have chosen an 8° off Si001
surface for several reasons. First, the surface morphology
upon overgrowth with a strained SiGe layer presents a single
symmetry because the surface consists of double-height steps
DB17,18 instead of the alternate smooth and rough single SA
and SB steps.19 Second, the 8° off miscut is of special interest
because the 551 intersection line between the 105 and
01¯5 facets of the Ge hut clusters on flat Si001
surfaces20–22 forms approximately an 8° angle with the 001
plane. This makes the surface unstable as regards 105 face-
FIG. 1. a STM filled-state images Vbias=−1.8 V of the clean
8° off Si001 surface. b After 0.5 ML and c after 1 ML of Ge
deposited at 873 K. Zigzag chains and dimer rows are highlighted.
Scan areas are 5050 nm2 left column and 1515 nm2 right
column.
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ting; consequently, long ripples are formed by the faceted
ridges in the miscut direction.13–15
Experiments were carried out in the ultrahigh vacuum
210−11 mbar chamber of a variable temperature scanning
tunneling microscope STM. P-type B-doped Si001 wa-
fers with a 8° miscut angle towards the 110 direction were
cleaned in situ by thermal annealing at 1473 K. Ge was de-
posited by physical vapor deposition at a growth temperature
of 873 K with a constant flux of 1.2510−2 ML/s to sup-
press kinetic step bunching.10 A series of STM snapshots at
room temperature were recorded after each deposition in or-
der to image the morphology of the surface at every stage. To
enhance surface reconstruction a suitable background level
was substracted by a flatten filtering procedure. By means of
STM we track the morphological evolution of the Si surface
up to 6 monolayers MLs of Ge. The results show that short
zigzag chains of Ge adatoms trigger the flow of double steps,
this leading to the formation of metastable domains all of
which are aligned along the miscut direction 110. After-
wards the surface suddenly roughens due to the appearance
of 105 facets on domain sidewalls perpendicular to the
steps. The faceted domains ripples are elongated parallel to
the miscut direction and contain a large number of DB steps
with the step edge perpendicular to the miscut direction. The
ripple orientation period and height are consistent with pat-
terns observed on high miscut surfaces with thicker Ge
layers,1,6,15 but do not need preexisting step bunches for their
description.
Typical filled-states STM images of the clean vicinal sur-
face are presented in Fig. 1a. The measured average local
slope of the surface toward 110 is 7.7°. We find terraces
2.0±0.2 nm wide with dimer bonds parallel to the step edge
and DB steps. The rows on each terrace, consisting of a series
of three dimers, are separated by 0.78±0.01 nm.
After deposition of 0.5 ML of Ge Fig. 1b, the train of
DB steps becomes more regular implying a strong reduction
in the defect density. Instead of the usual 21 reconstruc-
tion of terraces, the p22 reconstruction is observed. At 1
ML coverage, the p22 reconstruction covers the whole
surface and single atoms protrude at the step edge Fig. 1c.
The dimer row separation is 0.68±0.01 nm, smaller than that
of the clean surface, so matching the measured periodicity of
the upper rebonded atom at the DB step edge. Moreover,
short zigzag chains appear on the terraces see schematics in
Fig. 2. At 2 ML coverage, domains composed of DB steps
shifted by a distance of two lattice parameters Fig. 3a,
right advance over the surface toward the miscut direction
showing a step flow process. At 3 ML coverage the domains
appear elongated toward the miscut direction and have ir-
regular borders in the other directions Fig. 3b. They con-
sist of DB steps, all equally shifted in the 110 direction. At
4 ML coverage Fig. 3c an abrupt morphological transition
takes place: A few domains present 105 facets oriented per-
pendicularly to the edge of the DB steps. These facets extend
FIG. 2. Color online a STM image
1010 nm2 of the vicinal Si001 surface cov-
ered by 1 ML of Ge. The step edge shift by a
distance of two lattice parameters and the zigzag
chain are highlighted dashed ring. b Sche-
matic representation side view and top view of
the step edge shift and of dimers forming the zig-
zag chain. Grey shades indicate different atomic
planes.
FIG. 3. STM images Vbias=−1.8 V of the vicinal 8° off
Si001 surface after different Ge deposition at 873 K: a 2 ML; b
3 ML; c 4 ML. The propagation direction of the step edge; a
single domain, a ripple, and a 105 facet are evidenced. Scan areas
are 5050 nm2 left column and 1515 nm2 right column.
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along the miscut direction, forming elongated ripples Fig.
3c.
The morphology of the clean surface step height and ter-
race width, shown in Fig. 1a, agrees with that predicted for
a Si001 substrate with a miscut angle of 8° on which we
have deposited Ge without any Si buffer layer.
At submonolayer Ge deposition the appearance of the
p22 reconstruction on the terraces, shown in Fig. 1b,
can be explained as resulting from an intermixing process23
and implies the formation of Ge-Ge or Ge-Si dimers where
Ge is the uppermost atom.24 Theoretical calculations by Lee
et al.25 show that at low Ge coverage the p22 reconstruc-
tion is the most energetically favorable. Furthermore, as re-
ported by Kim et al.,26 rebonding at DB step edges, which
generates a 4% elongation of Si bonds, provides vacancy
sites well suited for Ge incorporation. All these findings sug-
gest that Ge is incorporated at the step-edge sites27 by replac-
ing a Si atom in order to reduce the bond distortion energy of
the 21 reconstruction. Such a process explains the uni-
formity of the terraces and the straightness of the step edge
shown in Fig. 1b.
The appearance of one-ML-high zigzag chains, at 1 ML
coverage, indicates that growth proceeds by rearranging Ge
atoms over the surface Fig. 1c. Chains are composed of
addimers perpendicular to the dimers of the terraces Fig.
2b. Their variable length suggests that they originate from
an aggregation process of single addimers, as is supported by
previous works25,28,29 on different configurations of Ge and
Si addimers on the Si001 surface. Nevertheless, in our case,
chains have a preferential attachment site, as schemati-
cally illustrated in Fig. 2b. Taking the edge of the DB step
as a reference point, the zigzag chain is located two lattice
parameters away from the step edge. The zigzag chain con-
sists of dimers located in two alternate positions between
dimers 1 and 2 of the terrace: One dimer is situated within a
row of the p22 reconstruction and corresponds to the
most stable configuration28,29 while the other one lies be-
tween two adjacent rows. Taken together, they form a chain
which reduces the tensile strain energy of dimer bonds lo-
cated along the base of the DB step edges, particularly for
small terrace widths.7 It must be noted that the position of
the shifted step edge coincides with that of the zigzag chain
which behaves as an epitaxial segment.29 So zigzag chains
allow the enlargement of the upper terrace and promote the
shift of the DB step edge, starting the step flow process. By
increasing the coverage, the flow of regular trains of DB
steps produces the disconnected domains seen in Fig. 3b
over which new zigzag chains form until, at 4 ML coverage,
the domains develop reconstructed 105 facets.
To model the formation of ripples which consist of ter-
races and reconstructed facets, as shown in Fig. 4b, we
consider terraces with DB steps shifted by a distance of two
lattice parameters and a portion of the rebonded-step RS30
reconstructed facet illustrated schematically in Fig. 4a. On
this facet the dimers labeled 1-2-3 of the RS structure corre-
spond to those of the p22 surface reconstruction. The
addimer labeled 4 belongs to the zigzag chain while the last
two dimers labeled 5-6, being perpendicular to the p2
2 dimers, presumably result from the rearrangement of
the DB step into two monoatomic SA and SB steps.17,18 Since
the configuration with the type 4 addimer isolated is
unfavored,29 DB steps must accumulate. By increasing the
coverage, the addition of type 4 addimers widens the 105
facet and increases the height of the ripple. Meanwhile, the
train of shifted DB steps propagate itself inducing the elon-
gation of the ripple in the miscut direction. The lateral 105
facets perpendicular to the step extend in height until they
meet at the top. On an expanded scale, a surface with recon-
structed ripples oriented along the 110 direction is finally
obtained at 6 ML coverage, as displayed in Fig. 4c. The
average width of the ripples is about 40 nm.
In conclusion, the microscopic roughening process of a
vicinal 8° off Si001 surface is followed, step-by-step, start-
ing from submonolayer coverage of Ge until the formation of
Three-dimensional ripples bordered by two 105 recon-
structed facets perpendicular to the step edges. This evolu-
tion is driven by zigzag chains located at specific sites on the
surface. In the absence of step bunching, we find that the
ripples elongate by means of a step-flow process of double
steps which occurs in the miscut direction. Proceeding with
Ge deposition, two 105 facets appear at the base of each
FIG. 4. Color online a Schematic view of the top of the uncompleted ripple, composed of terraces and a 105 reconstructed facet.
The different grey levels indicate different atomic planes. The rectangular RS surface unit cell is shown red dashed line. b STM image
1515 nm2 Vbias=−1.9 V for a coverage of 6 MLs showing a partial 105 facet and DB steps with two RS structures evidenced. c STM
image 500500 nm2: three dimensional view of the rippled surface with two ripples evidenced.
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ripple, most likely to reduce the strain energy of the Si-Ge
interface. In order to further relax the strain associated with
the increased surface area, the facets reconstruct, forming the
characteristic structures evidenced in Fig. 4b. We would
like to emphasize that the microscopic corrugation occurs
through a step flow process under a diffusion bias in the
miscut direction. At larger Ge depositions, the rippled mor-
phology evolves towards the ordered templates of SiGe
nanowires which are oriented along the miscut direction and
tailored for self-organized island deposition.2,4
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